Microbially induced calcite precipitation (MICP) is a sustainable biological 11 ground improvement technique that is capable of altering and improving soil mechanical and 12 geotechnical engineering properties. In this paper, laboratory studies were carried out to 13 examine the effects of some key environmental parameters on ureolytic MICP mediated soils, 14 including the impact of urease concentrations, temperature, rainwater flushing, oil 15 contamination and freeze-thaw cycling. The results indicate that effective crystals 16 precipitation pattern can be obtained at low urease activity and ambient temperature, resulting 17 in high improvement in soil unconfined compressive strength (UCS). The microstructural 18 images of such crystals showed agglomerated large clusters filling the gaps between the soil 19 grains, leading to effective crystals formation. The rainwater flushing was detrimental to the 20 bio-cementation process. The results also indicate that although traditional MICP treatment 21 by the two-phase injection method did not succeed in treatment of oil contaminated soils, and 22 the proposed premixing of bio-flocs with soil can significantly improve UCS and stiffness of 23 oil contaminated soils. Finally, MICP treated soils showed a high durability to the freeze-24 thaw erosion, which is attributed to the inter-particle contact points and bridging of crystals 25 formation. 26 2 Author Keywords: Microbially induced calcite precipitation (MICP); bio-cemented sand; 27 ground improvement; microstructural analysis; unconfined compressive strength (UCS). 28 74 deposition of calcite crystals in the contact points between the sand grains, forming effective 75 bridges that contribute to the shear strength improvement of bio-cemented soil.
Introduction 29
Due to its versatility and sustainable application, microbially induced calcite precipitation 30 (MICP) has recently gained much attention from the geotechnical engineering researchers 31 worldwide. MICP is a naturally driven biological technique that harnesses the metabolism of 32 and 1 M urea (60.06 g/L). 140 141 MICP treatment process 142 Except elsewhere stated, the process of MICP treatment was as follows. The PVC column 143 was fully saturated with water at 100% degree of saturation prior to MICP treatment to 144 ensure a relatively controlled flow field during the treatment injections. This was carried out 145 using the upward flow method that facilitates the removal of the air voids from inside of the 146 soil sample. Then, the MICP treatment was employed using the down flow injection method. 147 In order to keep the soil sample fully saturated throughout the treatment, the water level in (2013) and Cheng and Cord-Ruwisch (2014) . Then the column was cured for 24 hours to 155 allow for bonding of bacteria with the sand particles. Full void volume of cementation 156 solution was then injected into the sand column and was left to cure for 24 hours to allow for 157 calcite precipitation. For each individual sand column, treatment through the cementation 158 8 solution was repeated several times to gain different degrees of cementation, and the 159 ammonium content and bacterial activity in the effluent of each treatment was monitored.
161
Determination of CaCO3 content 162 The calcium carbonate content of treated soil samples was determined by adding solution of 2 163 mL of 2M hydrochloric acid (HCl) to 1-2 g of dry crushed cemented sample, and the volume 164 of CO2 gas was then measured using a U-tube manometer under standard conditions of 25°C Unconfined compressive strength (UCS) 178 After MICP treatment, the treated sand samples were flushed with at least five void volume 179 of tap water to wash away all excess soluble salts prior to UCS experiments. Before the tests 180 were carried out, the sand samples were dried at 105 o C for at least 24 hours. The UCS tests 181 were conducted on specimens with selected aspect diameter-to-height ratios of 1:1.5 to 1:2.
182
The axial load was applied at a constant rate of 1.0 mm/min. Microstructure analysis 185 To characterize the shapes and location of precipitated CaCO3 and to investigate the bonding 186 behavior between the grain hosts and bio-cementation agent, microscopy analysis was 187 conducted on the bio-treated soil samples. Before conducting the microscopy investigation, 188 all bio-treated samples were flushed with tap water and dried at 60°C for 24 hours, and were 189 then crashed to small pieces and coated with gold under vacuum conditions. The microscopy 190 investigation was carried out using the available scanning electron microscopy (SEM),
191
PHILIPS XL20 scanning electron microscope (Eindhoven, The Netherlands). cemented soils. In the present study, by either diluting the raw bacterial culture (10 U/mL) 207 with deionized (DI) water or concentrating it via centrifuge, a series of bacterial culture with 208 different urease enzyme concentrations (indicated by various levels of urease activity of 5, 10 209 and 50 U/mL) was obtained and utilized for bio-cementation of Sand-1. The treatment 210 process followed the same procedure of that used for the raw bacterial culture, as stated 211 earlier. The urease activity of bacterial culture was determined by measuring the urea 212 hydrolysis rate of the tested bacterial culture. This was made by recording the change in the 213 ammonium concentration of mixture over 30 mins of reaction period, which consisted of 10 214 ml of 3 M urea solution, 2 ml of bacterial culture, and 8 ml of DI water. The ammonium 215 concentration was determined using the Nessler method (Greenburg et al. 1992) , and the 216 correlation between the UCS and CaCO3 content of bio-cemented soils was examined using 217 different urease enzyme concentrations (i.e. urease activities). The subsurface temperature surrounding MICP treated soils was previously investigated by 221 Ng et al. (2012) . It was found that the urease activity, which leads to the rate of CaCO3 222 crystal precipitation, was increased with the increase in temperature from 10°C to 60°C. Rainwater flushing 234 In the current study, tap water (pH ranges from 6.8-7.2) was used to simulate the effect of Oil contamination 246 Hydrocarbon contaminants from oil exploration, transportation, production, and processing 247 can change the behavior of soil and may alter the soil engineering properties, resulting in 248 safety issues in civil engineering structures (Nicholson and Tsugawa 1997; Shroff et al. 1998) .
249
In the current study, for the first time, the stabilization of oil-contaminated soil using MICP 250 technology was investigated and evaluated through measurements of UCS and CaCO3 251 content.
253
Dried Sand-1 was contaminated with 5% diesel engine oil (w/w), which obtained a maximum 254 dry density of 17.8 kN/m 3 and corresponding optimum moisture content of 7%. The oil-255 contaminated soil was treated using two procedures, including the two-phase injection 256 method as described above and the premixing method in which bacterial culture was 257 premixed with sand prior to the application of cementation solution. The latter process will be 258 further explained later. Freeze-thaw cycles 263 Destruction of porous materials caused by freezing and thawing has been of a great concern 264 to engineers for more than 200 years (Johnson 1952) . As suggested by Litvan (1980) , soil 265 grain size distribution and permeability affect soil durability against the freeze-thaw (FT) 266 cycles. Therefore, in the present study, sand samples with three different grain size 267 distributions (i.e. Sand-2 to Sand-4, see Fig. 1 and Table 1) , and different permeability values 268 (stated in the result section) were examined. Each bio-cemented sand column was cut into 269 half to obtain diameter-to-height aspect ratios of 1:1.5 to 1:2, followed by exposure to 4-FT CaCO3 formed slowly, which is due to the slower hydrolysis of urea caused by the lower 289 urease activity, are more effective to form "bridges" that bond the sand grains together in a 290 more effective way. It should be noted that the efficiency in UCS improvement was only 291 slightly improved using the 2 U/ml activity compared to the 5 U/ml (data not shown), and the 292 use of such low urease activity required a significant extension of treatment period to allow 293 for completion of the MICP reaction. The micro-feature of precipitated crystals within the sand matrix was examined using SEM 303 ( Fig. 2 ). It can be seen in Fig. 2 (a-c) that the CaCO3 produced at high urease activity formed 304 small crystals of a typical crystal size of 2-5 µm. The agglomerated small crystal precipitates 305 formed thin coating layers (CaCO3 envelope) with a thickness of around 5 µm covering the 306 individual sand grain surface and bridging the adjacent sand grains. This type of crystal 307 precipitation might not be strong enough to bear high shear strength, which is probably due to 308 the thin and weak "bridging layer" and remaining large gaps between the sand grains. In although large crystal clusters precipitated on the sand grain surface, the gaps between the 312 sand grains were almost completely filled with crystals ( Fig. 2d ). It should be noted that the 313 samples presented in Fig. 2 contents, suggesting that the crystals pattern formed at lower urease activity is more effective 315 in gaining strength.
317
It has been reported in the literature that there are two mechanisms for crystal precipitation in 318 MICP (Stocks-Fischer et al. 1999; DeJong et al. 2006 ). The first mechanism is that bacterial 319 cells act as nucleation sites for CaCO3 precipitation. The second mechanism is that the urea 320 hydrolysis produces CO3 2ions and raises the pH around the cells, favoring the precipitation 321 of CaCO3 by lowering the solubility. In the current study, it is apparent that development of 322 CaCO3 is vastly different under different urease activities, in terms of location, size, and 323 shape of crystals. Because the same cementation solution was applied to all samples, it was 324 expected that the bacterial urease activity would be the only factor that can have an impact on 325 the precipitation patterns. The findings obtained from this study indicate that the efficacy (strength per mass of calcite) 352 of larger calcite crystals precipitated at the gaps between the sand grains is higher than that 353 obtained from smaller crystals randomly precipitated throughout the sand matrix. This is Fig. 4(e-f) ]. For samples treated at the ambient temperature, it was found that the 386 average crystal size increased by 10 times (individual crystals size between 20 to 50 µm) 387 compared to that formed at 50 o C. These large crystals were found to precipitate on the grain 388 surface, covering the contact areas of the sand grains [ Fig. 4(c-d) ]. This type of crystals 389 distribution pattern was also found in the samples treated at 4 o C, and small crystal size was 390 observed [ Fig. 4(a-b) ].
392
The kinetics of crystallization indicates that activated energy, which is a function of 393 temperature and relative supersaturation degree, has a strong impact on the rate of nucleation 394 and crystal growth. It is the relationship between the competing kinetic rates of nucleation 395 (birth of new crystal nuclei) and crystal growth (increase in size of crystals) that determines 396 the size distribution of crystals. The higher the temperature the lower the activation energy 397 barrier as well as the faster the rate of nucleation of CaCO3 precipitation (Wojtowicz 1998).
398
The faster nucleation rate may induce excess nucleation sites, which would cause smaller 399 average crystal size as it was found in the samples treated at 50 o C. It is worthwhile noting 400 that although the nucleation rate was low at low temperature of 4 o C, small size of crystals 401 was also observed. This is possibly due to the slow crystal growth at low temperature due to 402 the low relative supersaturation degree as a result of the low urease activity at low 403 temperature (Sahrawat 1984). A decrease in the relative supersaturation led to a decrease in 404 both the crystal nucleation rate and growth rate. As stated earlier, the final crystal size 405 distribution is dependent on the competition between these two rates.
407
The precipitation of CaCO3 in MICP is a very complex process because of the involvement 408 of bacteria acting as nucleation site and CO3 2ion producer. Therefore, if different amount of 409 bacteria is applied, the precipitation pattern can be different from what was presented in the 410 current study. It is evident from Fig. 2(a-c) that large amount of bacteria (high activity 50 411 U/ml) at the ambient temperature would result in abundant nucleation sites (numerous 412 bacterial cells) and high relative supersaturation degree (high urease activity). As a result, the 413 precipitation pattern obtained under this environmental condition could be similar to that 414 obtained at 50 o C with low amount of bacteria (10 U/ml) [ Fig. 4(e-f) ]. Generally, temperature 415 can affect many physical, chemical, and biological properties of MICP system. For example, 416 temperature can affect the urease activity, which in turn influences the urea hydrolysis rate, 417 CO3 2production rate, and consequent crystal growth rate. The solubility of CaCO3 crystals 418 18 also varies with temperature. Therefore, further investigation on this complex process is 419 worthwhile to carry out in future development of the current study. Overall, based on the 420 results obtained from the current study of different urease concentrations and temperatures, it 421 can be concluded that large size crystals located at the gaps between the sand grains are 422 deemed to be effective crystals, which contribute the most to the strength gain of bio-423 cemented soils.
425
Effect of rainwater flushing 426 In the current study, tap water flushing was made to determine the impact of intensive rainfall 427 towards CaCO3 precipitation and corresponding soil stabilization. The control sample (i.e. no 428 water flushing) was fully cemented (Fig. 5a ). In contrast, the samples encountered with water 429 flushing during the treatment process were partly cemented or completely non-cemented [ Fig.   430 5(b-c)]. For the control sample, the chemical conversion efficiency, which is defined as the 431 percentage of injected urea and calcium chloride that precipitate as CaCO3, was found to 432 reduce from about 95% to 50% throughout the MICP process (Fig. 6a ). The decrease in 433 chemical conversion efficiency was probably explained by the loss of urease activity due to 434 the encapsulation of the bacterial cells by precipitated crystals. The water flushing caused 435 significant decrease in the chemical conversion efficiency down to less than 5%, irrespective 436 of the waiting period applied to the bacterial attachment. The negative impact of water 437 flushing on bio-cementation was also demonstrated by the low degree of cementation and 438 final CaCO3 content measurements. Less than 0.3% (0.003 g/g sand) of crystals content was 439 detected in the samples subjected to water flushing, whereas 10 times more (0.043 g/g sand) 440 crystals were found in the control sample with a detectable UCS of about 260 kPa (Fig. 6b) . was found not to significantly lower the urease activity, as reported by Al-Thawadi (2008) .
472
To provide a sufficient urease activity, 180 mL of bacterial culture containing 100 mM CaCl2 473 was used and concentrated into 25 mL volume using centrifuge. The concentrated bacterial 474 flocs were then mixed with the oil-contaminated soil to reach the optimum moisture content.
475
The mixture of bacterial flocs and soil was compacted thoroughly in the PVC column to gain 476 the maximum dry density, which was then repeatedly treated 5 times by the cementation 477 solution.
479
The UCS results indicated that by increasing the CaCO3 content from 0.035 to 0.054 g/g 480 sand, strength of oil contaminated soil was improved significantly from about 150 kPa to 400 481 kPa (see Fig. s2 ). Accordingly, soil stiffness was also improved from 10.7 MPa to 68.3 MPa.
482
The failure mechanisms of bio-treated oil contaminated soil were consistent with previous Fig. 7 shows that the UCS increases exponentially with the increase in the CaCO3 content. At 497 low level of CaCO3 content (below 0.04 g/g sand), similar UCS improvement was obtained 498 for all different PSD samples; however, the improvement varied at high level of crystal 499 content (above 0.05 g/g sand). At high CaCO3 content, Sand-3 showed the least effective 500 strength improvement because it required the highest amount of crystals to gain strength 501 similar to that of the other PSD samples. For the two types of uniform sand tested herein, the 502 crystals were more effective in improving the strength of soil of smaller grain size, which is 503 consistent with previous findings obtained by Ismail et al. (2002b) . This is probably due to 504 the increase in number of contact points, which provide better location for crystals to 505 precipitate, and the decrease in stress acting per particle contact. For Sand-4 (well-graded), 506 the effectiveness of crystal precipitation in terms of strength improvement was greater than 507 that of the uniform coarse sand (i.e. Sand-3) but less than the uniform fine sand (i.e. Sand-2).
508
According to Schiffman and Wilson (1958) , the greater the percentage of the coarser fraction, 509 the smaller the available grain surfaces for grout adhesion and the lower the internal tension 510 in the grouted mass. Although the used well-graded sand has the highest density compared to 511 the fine sand, it possesses less contact points and grain surface due to its large percentage of 512 coarse particles. Therefore, the crystals formed for well-graded sand were less effective 513 compared to those formed for fine sand.
515
The effect of FT cycles on the mechanical performance of different PSD sand samples treated 516 with MICP is illustrated in Fig. 8 . Generally speaking, it can be observed that an increase in 517 the number of FT cycles is associated with a decrease in the compressive strength, for all 518 uniform sand specimens ( Fig. 8 (a-b) ). The main reason for the strength decrease after FT 519 cycles is due to the formation and growth of micro-cracks generated due to the tensile 520 stresses around the soil particles when the pore water turns into ice during the freezing 521 process. In theory, higher porosity and permeability allow more rapid water mass transfer in 522 22 the sand matrix, which can increase the FT resistance. However, in the current study, the fine 523 uniform sand (0.15 mm in size) of less porosity and smaller pore size was more durable 524 against the FT cycles compared to the coarse sand (1.18 mm in size) of higher porosity and 525 larger pore size. Smith et al. (1929) found that the average number of contacts per sphere 526 increases with the decrease in porosity. Therefore, for finer sand, the larger number of inter-527 particle contact points favored more bridging crystals formed at the contact points, which 528 reduced the acting tensile stress per particle contact; hence, resulted in higher durability. Fig.   529 8c shows that the FT cycles have a minor impact on the well-graded sand. The main reason 530 for the high durability of MICP well-graded sand is probably due to the unique characteristics 531 of having high number of inter-particle contact points (attributed to the presence of fine sand) 532 and high permeability, as well as large pore size (attributed to the presence of coarse sand).
533
Overall, it can be concluded that the influence of FT cycles on soil strength and durability 534 depends on the soil porosity, pore size, and bonding behavior of MICP in the soil matrix. In other civil engineering applications such as control of seepage-induced internal erosion of 549 dams, it is important to immobilize the urease active bacteria and urease activity within the 550 target zones so that sufficient CaCO3 can be produced throughout the entire treated soil. The 551 experimental observations shown in this paper indicated poor immobilization through the 552 two-phase injection method after tap water flushing, which implies that the current bacteria 553 fixation method might not be applicable to field application of MICP during rainy days. It is 554 thus considered essential to develop a new bacteria fixation method, which can further extend 555 MICP application to continuous water flow regions.
557
Soils at high latitude or elevation usually freeze during winter. Under this environmental 558 condition, geotechnical engineering foundations that are exposed to FT cycles can be subject 559 to significant structure damages. In such a case, FT cycles induce uneven stresses within the 560 soil, resulting in a decrease in soil stability. Given the improvement in UCS values of the 561 sand tested in the current study, it can be confirmed that MICP can be used as a viable 562 solution to improve the properties of uncemented soils by creating cemented soil bodies that 563 have high durability against FT cycles. The high durability of MICP treated soils against FT 564 cycles is attributed to the sufficient contact points in the soil matrix and large pore size and 565 permeability of soil. This characteristic enhances the efficacy of MICP cementing agents in 566 bridging the particle-to-particle contacts, and in the meanwhile allows a rapid water mass 567 transfer in the sand matrix. 
